We present an analysis of the gamma-ray measurements by the Large Area Telescope (LAT) onboard the Fermi Gamma-ray Space Telescope in the region of the supernova remnant (SNR) Cygnus Loop (G74.0−8.5). We detect significant gamma-ray emission associated with the SNR in the energy band 0.2-100 GeV.
Introduction 3. ANALYSIS AND RESULTS
In order to study the morphology of gamma-ray emission associated with the Cygnus
81
Loop we performed a binned likelihood analysis based on Poisson statistics 3 (see e.g.
82
Mattox et al. 1996) . We used only events above 0.5 GeV (compared to the 0.2 GeV used in 83 the spectral analysis) for the morphological study to take advantage of the narrower PSF 84 at higher energies. For this work we used the instrument response functions (IRFs) P6 V3,
85
which were developed following the launch to address gamma-ray detection inefficiencies 86 that are correlated with background rates (Rando et al. 2009 ). The analysis was performed 87 over a square region of 12
• ×12
• width with a pixel size of 0.
• 1. We set the centroid of contamination and temperature correction problems in such a massive-star forming region.
103
We therefore constructed a dedicated diffuse emission model. The model is analogous fixed). For further details we refer the reader to the dedicated paper (Ackermann et al.
-9 -properties. We note that the presence of the Cygnus Loop was taken into account in this 122 study. Several models were considered for the Loop, a combination of point sources and 123 geometric templates such as a disk and a ring, as in the analysis performed in this paper.
124
In this way we verified that the impact of the emission from the Cygnus Loop on the
125
parameters of the global model of the region is small (Tibaldo 2011).
126
The results of this analysis were used to construct two model cubes, as a function 127 of direction and energy, separately accounting for the isotropic and smooth large-scale
128
Galactic inverse-Compton emission (a and b) and the structured emission from the gas (c).
129
Such model cubes are part of the background model used to study the Cygnus Loop in 130 this paper. For each of them we included a free normalization in order to further allow the 131 model to adapt in the different cases we investigated along the paper.
132
In addition to interstellar emission, the background model to study the Cygnus Loop were kept fixed at those given in the catalog and the spectra of the two gamma-ray pulsars 136 in the region used for the analysis were modeled as power laws with exponential cutoffs 137 leaving all spectral parameters free, while the spectra of the other sources were modeled as Figure 2 shows the count map after subtracting the background emission in a 6
• × 6 the ring with respect to the disk shape is ≃ 12. Assuming that, in the null hypothesis,
183
the TS value is distributed as a χ 2 with n degrees of freedom, where n is the difference in 184 degrees of freedom between the two nested models compared 5 (n = 1 in the present case),
185
it would be equivalent to an improvement at ∼ 3.5 σ confidence level. Let us note, however,
186
that the conversion of TS values into confidence level (or, equivalently, false positive rate) 187 is subject to numerous caveats, see e.g. Protassov et al. (2002) . We will thus take into 188 account the source morphology uncertainties in the spectral analysis, below. In order to 189 further illustrate the morphology of the gamma-ray emission, in Figure 3 we show its radial
190
-12 -profile compared with the best-fit disk/ring models. 2 if the detection is not significant in an energy bin, i.e., the TS value with respect to the 206 null hypothesis is less than 10 (corresponding to 3.2 σ for one additional degree of freedom).
207
Note that the value of the spectral index has a negligible effect on the upper limits. area are estimated to be 10 % at 100 MeV, decreasing to 5 % at 500 MeV, and increasing
212
to 20 % at 10 GeV and above (Rando et al. 2009 LAT response. In Figure 5 we show the uncertainties obtained following these prescriptions.
223
We probed for a spectral break in the LAT energy band by comparing the likelihood Table 3 . The fit with a log-parabola function yields a TS value of ∼ 50 compared to a 228 simple power-law model, which corresponds to an improvement at the ∼ 7 σ confidence 229 level. In spite of the uncertainties discussed above in the estimate of the confidence level,
230
the large TS value is indicative of a significant improvement in the fit. A smoothly broken 231 power law provides a very slight increase in the likelihood with respect to the log-parabola 232 function, while a power law with exponential cutoff gives a worse fit. In conclusion, a 233 simple power law as spectral model can be significantly rejected and from all the different 234 models with cutoffs we get evidence for a steepening of the spectrum above 2-3 GeV.
235
We detect gamma-ray emission with a formal significance of 23 σ for the above curved 
243
This makes the Cygnus Loop the largest gamma-ray emitting SNR observed so far, allowing 244 us to perform a detailed morphological comparison with emission at other wavelengths.
245
There is a correspondence among gamma-ray emission, X-ray rims and Hα filaments, probes (Raymond et al. 1983; Long et al. 1992; Hester et al. 1994 ) and derived post-shock 251 densities of ∼ 5 cm −3 where gamma-ray emission is expected to be bright due to the 252 compressed material and high density of accelerated particles.
253
The radio continuum emission, originated by high-energy electrons via synchrotron because the spectral index in the radio domain, corresponding to lower particle momenta,
273
is much harder than for gamma rays, which correspond to higher particle momenta.
274
Therefore, we use the following functional form to model the momentum distribution of 275 injected particles:
where p br is the break momentum, s L is the spectral index below the break and s H above 277 the break. Note that here we consider minimum momenta of 100 MeV c −1 since the details 278 of the proton/electron injection process are poorly known.
279
Electrons suffer energy losses due to ionization, Coulomb scattering, Bremsstrahlung, 280 synchrotron emission and inverse Compton (IC) scattering. We calculated the evolution of -16 -the electron momenta spectrum by the following equation:
where b e,p = −dp/dt is the momentum loss rate, and Q e,p is the particle injection rate.
283
We assume Q e,p to be constant, i.e., that the shock produces a constant number of 284 particles until the SNR enters the radiative phase, at which time the source turns off. This 285 prescription approximates the weakening of the shock and the reduction in the particle 286 acceleration efficiency, which would be properly treated by using a time-dependent shock 287 compression ratio (Moraal & Axford 1983) . To derive the remnant emission spectrum we
288
calculated N e,p (p, T 0 ) numerically, where T 0 is the SNR age of 2 × 10 4 yr. Note that we 289 neglected the momentum losses for protons since the timescale of neutral pion production 290 is ∼ 10 7 /n H yr wheren H is the gas density averaged over the entire SNR shell and is 291 much longer than the SNR age. Also we do not consider the gamma-ray emission by 292 secondary positrons and electrons from charged pion decay, because the emission from 293 secondaries is generally unimportant relative to that from primary electrons unless the gas 294 density is as high as that in dense molecular clouds and the SNR evolution reaches the 295 later stages, or the injected electron-to-proton ratio is much lower than locally observed.
296
The gamma-ray spectrum from π 0 decay produced by the interactions of protons with 297 ambient hydrogen is calculated based on Dermer (1986) using a scaling factor of 1.84 to derive the break momentum of the proton spectrum from the gamma-ray spectrum, since in 310 the GeV energy band we expect a curvature due to kinematics of π 0 production and decay.
311
The gamma-ray spectrum provides thus only an upper bound for the momentum break at Table 4 , we obtained the SEDs shown in Figure 6 (a).
324
It is difficult to model the gamma-ray spectrum with a model dominated by electron 325 bremsstrahlung because the break in the electron spectrum required to reproduce the 326 gamma-ray spectrum would appear in the radio domain as shown in Figure 6 (b).
327
The gamma-ray spectrum can be reproduced by an inverse Compton dominated at the shock regions where the gas density is ∼ 1 − 5 cm −3 (see above). Increasing the 338 intensity of the interstellar radiation field would loosen the constraint on the gas density.
339
However, a radiation field about 50 times more intense is required to satisfy the above 340 assumption on the gas density.
341
To summarize, it is most natural to assume that gamma-ray emission from the Cygnus operative, on consideration of X-ray and optical observations (e.g., Graham et al. 1995 ).
-19 -
CONCLUSIONS

356
We analyzed gamma-ray measurements by the LAT in the region of the Cygnus Loop, 357 detecting significant gamma-ray emission associated with the remnant. The gamma-ray 358 luminosity is ∼ 1 × 10 33 erg s −1 between 1-100 GeV, lower than for other GeV-emitting
359
SNRs studied with LAT data. The morphology of gamma-ray emission is best represented 360 by a ring with inner/outer radii 0.
• 7 ± 0 • .1 and 1.
• 6 ± 0 • .1. The Cygnus Loop is 361 thus the most extended gamma-ray emitting SNR detected in the GeV band so far and 362 the morphology of gamma-ray emission can be compared in detail with observations at 363 other wavelengths. There is correspondence among gamma rays, the X-ray rims and the
364
Hα filaments, indicating that the high-energy particles responsible for the gamma-ray 365 emission are in the vicinity of the shock regions.
366
The gamma-ray spectrum has a break in the 2-3 GeV energy range. The decay 
